Abstract This paper experimentally investigates the thermal hydraulic characteristics for three types of fluid on plate heat exchanger surfaces. The three types of fluid are R245fa, glycol and water. The characteristics of heat transfer coefficient Nu and friction factor f are given. The concept of pump power is provided to overall evaluate the enhanced heat transfer. The dimensionless correlation equations of Nu and f factors are provided using multiple regression method. The mean absolute errors for the Nu and f factor are 9.7 and 6.8% in the whole test range.
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Introduction
Organic Rankine cycle (ORC) is treated as a very useful technology in waste heat recovery field [1] [2] [3] . Comparing to thermal power generation which is based on Rankine cycle, the Rankine cycle applies organic fluid as the working media which can absorb lower temperature heat source without too much working pressure. It is well known that the diesel efficiency is only about 40% in the past 20 years, and there is above 50% energy emitted to environment [4] . As for the fuel efficiency improvement requirement, more and more studies had been done about how to improve the efficiency. These waste heat resources include the cylinder glycol (about the 90-105 • C) and diesel exhaust gas (250-450 • C). The conventional method for high-power engine waste heat recovery uses the coolant as the heat energy transfer media, which can reduce the waste heat recovery system complexity and total cost [5, 6] .
In the ORC system, the plate types of heat exchanger are widely used, the evaporator and the condenser. And the PHE's can much reduce the organic working fluid charge as for the smaller volume. So the running cost of the ORC system can be cut down. The enhanced heat transfer mechanism mainly depends on the complex channel geometry, in which the fluid will have a bigger turbulence of the flow. Up to now, the PHE's heat transfer characteristics for the single phase were studied by many studiers [7] [8] [9] . For example, the Longo and Gasparella [10] developed the Nusselt number equations. Muley [11] investigated thermo-hydraulic characteristics of PHE with mixed chevron angles. However, the most previous studies are lack of the detail introduction, such as the test conditions and plate geometry structure.
And it is clear to see, the working conditions of PHE's in Rankine cycle system have much difference comparing to traditional application. First, the working fluids are different in the diesel waste heat recovery system. In the diesel WHR system, the glycol, water and R245fa are used. The glycol is used as intermediate media which are used to absorb all the engine waste heat. The refrigerator fluid R245fa is used in the ORC system, and the water is used as the cool side fluid of ORC condenser. And it is very hard to get the thermal hydraulic performance from those public literatures. The most obvious difference is that the R245fa velocity is much smaller than that of water or glycol. The R245fa flow velocity in the PHE's channel is very smaller than the others fluids. The R245fa thermal hydraulic performance character will have much different with those of the ordinary fluid which have higher velocity in the flow pass or channel. However, there are very little the test data or empirical formulas in public paper.
The aim of this study work is providing PHE's thermal hydraulic characteristics for the three types of working fluid including the water, glycol and R245fa which are widely used in diesel waste heat recovery. And the paper will provide the test empirical equations to predict the thermal hydraulic performance which are most useful for the engineers.
Test Rig and Experiment Procedures
Waste Heat Recovery Introduction
In the diesel waste heat recovery system, there are two parts of waste heat source. Figure 1 shows the waste energy conversion and utilization principle based on the ORC mechanism. From Fig. 1 , it can be seen that the glycol first absorbs the cylinder waste heat of engine, then it absorbs the energy from the high temperature exhaust gas. In the waste heat transfer process, the glycol is used as the intermediate media, which is used to transfer the waste heat to working fluid R245fa in ORC. R245fa with a higher pressure can absorb the diesel waste heat in the preheater E and evaporator D.
As for the compactness and lower refrigerator charge, the plate-type heat exchangers are used as preheaters, evaporators and condensers in the WHR. The heat transfer fluids are the glycol, water and R245fa.
Test Rigs
The main aim of this study is provide the thermal hydraulic performance for the three types of working fluid on three different PHE's heat transfer surfaces. This test investigates the water heat transfer and flow resistance character under different flow velocity. This is the test data reduction base which uses the thermal resistance separation. The main parts are the experimental study on the thermal hydraulic performance for the three types of fluid on the PHE's surface. In Table 1 , all sensors test accuracies are listed
In Fig. 2 , the water is used as the cool and high temperature fluid of PHE's two sides. In the test system, water is the only fluid in the loop and one flow meter is used. As for the property of water has not obvious change in a smaller temperature range, the water is selected as working media. And the water heat transfer coefficients on the surface are much bigger than those of other fluid under the same flow velocity. During the test process, to keep two sides water flow at the approximate equal average Re, two side fluids flow in the counter flow and the average temperature difference of two sides should be less than 5 • C. Fig. 4 , we can see the test mechanism. About the detail introduction for the test rigs and test procedure can be found in the authors' previous paper [12] .
Plate-Type Heat Exchanger Test Samples
The test samples with different chevron plates are tested. For the chevron plate-type heat exchanger, the detail geometric parameters definition are shown in Table 2 and Fig. 5 . In Fig. 5 , the real plate surface is shown for the testing sample and cut surface of the middle section. These parameters include the plate chevron angle, corrugation depth and corrugation pitches. There are three different chevron 
Data Reduction Testing Uncertainty
The dimensionless parameters, such as the Reynolds number Re, heat transfer coefficient h, the Nusselt number Nu and the friction factor f , are widely used in the heat exchanger calculation and analysis. Their definitions are listed as follows:
To obtain the heat transfer coefficient and friction factor of PHE's surface, the thermal resistance separation methods are applied. The heat transfer coefficient is obtained for the water, glycol and R245fa using the different data reduction. For water, the data reduction adopts the equal Re method. For the coolant and R245fa, the thermal resistance separating method is applied based on the first step, in which the heat transfer coefficients of waterside are known. According to the thermal resistance separation mechanism, the overall heat transfer coefficient UA in the heat exchanger can be expressed,
The detail reduction method for the thermal resistance separation methods can be seen in the literature [12] . The friction factor f is used to evaluate the fluid flow resistance or pressure drop in the channel. The testing pressure drop P exp includes five parts [13] , inlet local pressure loss P in (deceleration), inlet pipe friction pressure loss P in−p , outlet local pressure loss P out (acceleration), outlet pipe friction pressure loss P out−p and the friction pressure loss 
In Eq. (5), the local pressure loss of the inlet P in and outlet P out is almost equal. The core pressure drop P is:
f p = 1.82 · log 10 Re p − 1.64
In Eqs. (6) (7) (8) (9) (10) (11) , the u m is the average velocity in the flow channel, u in−p and u out−p are the average flow velocity in the inlet connect pipe and outlet connect pipe of test sample. f p is the friction factor of connect pipe, L is the connect tube length.
According to Eq. (12), it is easy to get the pressure drop of the channel p, and the fraction factor f can be obtained [14] :
According to the Moffat [15] proposed a procedure outline and formula to evaluate the uncertainty, the maximum errors in the primary measurement of mass flow rate and temperature are found to be ±2.1 and ±1.2%, respectively. Based on these errors, the maximum uncertainty of ±8.2% exists in calculated value of Nu. And the maximum uncertainty of factor f is ±9.6%.
3 Results, Discussion and Analysis
Thermal Characters
The testing results about the heat transfer performance are described and discussed. For the single phase fluid, the velocity and geometry parameters are the most important factors on the plate-type surface heat transfer characteristics. In Fig. 6c , it describes the effects of three chevron angles on the heat transfer coefficients under different velocity. At the same time, the Re and Nu are used to describe the heat transfer performance. Figure 7 shows the heat transfer performance of three different fluids with different Re and different chevron angles β. In Fig. 7c about the trend of Nu with Re for the R245fa fluid, it can be clear to see that there is no particular increase for the Nu with the chevron angle increasing under the same Re. This heat transfer performance curve has much difference with coolant and water under high Re region. The reason is that the flow condition of R245fa is in lower Re region. In the lower Re region, the turbulence of fluid flow becomes smaller.
In Fig. 8 , we can see that the increasing rate of heat transfer coefficients has much difference for the three different types of working fluid. The water and glycol have the similar change trend. With the Re increasing, the heat transfer coefficients quickly increase. However, under the same Re, the heat transfer coefficients of R245fa are much lower than those of the water and glycol. From the viewpoint of heat transfer coefficient change rate, R245fa has a very much bigger change rate under the low Re region, the increasing rate almost equals to 1. The reasons may lie in the fact that R245fa has much difference in physical property parameters such as the viscosity, density, thermal conductivity and Pr.
Flow Resistance Characters for Three Types of Plate Structure
The pressure drop and friction factor are used to describe the flow resistance of three types of fluid on the different chevron angle PHE's surface. Figure 9 describes the pressure drop curve with flow rate. Form the picture, it can be clearly seen that the pressure drop will increase with the chevron angle increasing. And the three types of fluid have the same variation characters. For 50% coolant and water, the pressure drop of chevron angle β = 60 • surface is much bigger than that of the chevron angle β = 30 • and β = 60 • /30 • . Figure 10 gives the flow resistance vibration character using the dimensionless parameters friction factor f with Re. From the picture, the biggest friction factor f is always been found in the chevron angle β = 60 • surface under the same Re. But, 10 , it also can be seen that friction factor f with fluid R245fa is bigger than that of the other two fluid under the same Re and same chevron angle. The difference is brought about by the physical property difference of three types of fluid. The detailed explanation may need the CFD simulation or special flow test to describe the flow character in the PHE's complexcorrugated channel. This work will be done in the authors' future working plan.
Thermal Hydraulic Performance Comparison
To evaluate overall performance of the PHE's enhanced heat transfer surface, it would be necessary to consider heat transfer and pressure drop at the same time. The concept of pump power is introduced which is defined as follows [16] , Pump power = Volume rate of fluid, m 3 /s × Pressure drop, p
In Fig. 11 the heat transfers coefficient of three types of PHE's surface are compared with respect to the pump power. An overall inspection of Fig. 11 reveals that at the fixed pump power, a better heat transfer coefficients h are found for the surface with chevron angle 60 • . So the authors suggest the PHE's surface with chevron angle 60 • is a better choice when the engineer do the PHE's design. Of course, the chevron angle 60 • /30 • is also suggested when the pressure drop has a strict limit.
Empirical Correlation for the Single Phase Heat Transfer
To expand the real industry application of the plate heat exchangers in the diesel engine waste heat recovery, the 
The empirical correlation can predict 90% test data with the errors within ±15%. The detail comparison for the prediction Nu using the regression equation (13) and the test data is described in Fig. 12 . The empirical correlation application must be strict in the range Re = 200-7000 and Pr = 2.0-12.0. To make the users more understand the calculation accuracy and expand the application in the real PHE development, the calculation equation for the mean error and mean absolute errors [7] is given:
Mean absolute error : E m.ab For the empirical correlation (13), the average error of this equation is −1.7%, mean absolute error is 9.7% for all the data. As for there are much difference for the three types of fluid, two independent f factor correlation equations are provided, respectively. Equation (16) is for water and 50% coolant, Eq. (17) is for liquid R245fa.
For 50% coolant and water, the friction factor f correlation equation is, Using Eq. (17) to predict the test data, in the range Re = 150-1000, the mean absolute error is 3.4% and the mean error is 2.3%. And in the test range, Eqs. (16) and (17) can predict 90% of experiment data with the errors within ±15%. Figure 12b gives the detailed comparisons of the friction factor f when correlation equations predicting value and experiment value.
Conclusions
As for the good thermal hydraulic characters and the compactness, plate-type heat exchangers have been widely applied in waste heat recovery ORC system. The experimental investigation had been done to get thermal hydraulic performance characteristics of the PHE's surface using three different types fluid. The three types of fluid thermal hydraulic characteristics are reported and the empirical correlation are given including three different chevron angles. The main conclusions are, 1. The plate chevron angle has much effects on the thermal hydraulic performance, the heat transfer coefficient Nu and friction factor f will increase with chevron angle increasing. 2. To overall evaluated enhanced heat transfer for three types of corrugated PHE's surface, the evaluation method of pump power and heat transfer coefficient is applied. And the bigger chevron angle surface has better overall enhanced heat transfer performance. 3. The dimensionless empirical correlation for heat transfer Nu and friction factor f is given. In the test range, the calculation mean absolute errors are 9.7 and 6.8%, respectively. And for the 90% test data, the predict error of the empirical equations is in the ±15% range.
